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The nucleolus is a dynamic subnuclear compartment involved in ribosome subunit biogen¬ 
esis, regulation of cell stress and modulation of cellular growth and the cell cycle, among 
other functions. The nucleolus is composed of complex protein/protein and protein/RNA 
interactions. It is a target of virus infection with many viral proteins being shown to localize 
to the nucleolus during infection. Perturbations to the structure of the nucleolus and its 
proteome have been predicted to play a role in both cellular and infectious disease. Stable 
isotope labeling with amino acids in cell culture coupled to LC-MS/MS with bioinformatic 
analysis using Ingenuity Pathway Analysis was used to investigate whether the nucleolar 
proteome altered in virus-infected cells. In this study, the avian nucleolar proteome was 
defined in the absence and presence of virus, in this case the positive strand RNA virus, avian 
coronavirus infectious bronchitis virus. Data sets, potential protein changes and the func¬ 
tional consequences of virus infection were validated using independent assays. These 
demonstrated that specific rather than generic changes occurred in the nucleolar proteome in 
infectious bronchitis virus-infected cells. 
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The nucleolus is a subnuclear structure formed from 
complex protein-protein and protein-nucleic acid interac¬ 
tions [1], The primary function of the nucleolus is in ribo¬ 
some biogenesis, regulation of the cell cycle and the 
response to cell stress [2]. The nucleolus may be formed 
around hub proteins [1], depletion of which can result in 
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alterations in nucleolar architecture [3] and possibly func¬ 
tion. The roles the nucleolus play outside its traditional 
function in ribosome biogenesis have only recently come to 
light, due in a large part to MS-based approaches to eluci¬ 
dating the nucleolar proteome. The first studies of the 
human nucleolar proteome revealed 271 and 213 proteins, 
respectively [4, 5]. The most recent edition of the nucleolar 
proteome database (NOPdb 3.0) identified over 4500 
proteins as being resident within the nucleolus under 
certain conditions; it estimates at least 80% coverage [6]. It is 
noteworthy that the majority of studies of the nucleolar 
proteome have been carried out on human HeLa cells, 
whereas the only other species investigated in depth is 
Ambidopsis thaliana where 217 proteins with a large degree 


© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 


www.proteomics-journal.com 




Proteomics 2010, 70,3558-3562 


3559 


of conservation between the plant and the human 
proteomes were found [7]. 

The nucleolus is also a target for cellular and infectious 
diseases [8]. Many viral proteins localize to this structure. 
These range from proteins encoded by RNA viruses with 
purely cytoplasmic replication strategies [9, 10] to DNA 
viruses with nuclear replication strategies [11]. The nucleo¬ 
lus can change structure in virus-infected cells [12] and this 
may correspond with a change in proteome [13]. A recent 
quantitative analysis of the nucleolar proteome isolated from 
He La cells infected with the nuclear replicating DNA virus 
adenovirus identified 351 proteins, of which 24 proteins 
showed at least a twofold change in abundance, compared 
with nucleoli from mock-infected cells [14]. The precise 
interactions of viruses with the nucleolus are largely 
unknown [13], particularly puzzling is the case of the RNA 
viruses that have cytoplasmic replication strategies [9]. For 
example, in one such virus, avian infectious bronchitis virus 
(IBV), the virally encoded nucleocapsid (N) protein localized 
to the nucleolus in a cell cycle-dependent manner [15] and 
contained appropriate targeting motifs [16-18]. 

Elucidation of the avian nucleolar proteome would 
provide a useful data set. Similarly, how the nucleolus 
responds to RNA virus infection would provide a useful 
comparator with the recent analysis of the nucleolar 
proteome in cells infected with a DNA vims [14]. This would 
help determine whether any general principles can be 
established, despite different replication strategies. One of 
the difficulties in studying the avian nucleolus is the lack of 
appropriate and extensive immunological reagents. 

In this study, stable isotope labeling with amino acids in 
cell culture (SILAC) coupled to LC-MS/MS was used to 
generate a preliminary map of the avian nucleolar proteome 
in the presence and absence of IBV infection and was 
conducted by Dundee Cell Products. The cell type used in 
this study was DF-1 cells, a chicken fibroblast cell line, 
which we (and others) have used to study IBV e.g. [17]. Cells 
were infected at a multiplicity of infection of 1 as described 
previously [19]. Nucleolar fractions were prepared 18 h post¬ 
infection as described previously [20] and validated by 
detecting appropriate marker proteins (data not shown). 
Quantification was performed with MaxQuant version 
1.0.7.4 [21], and was based on 2-D centroid of the isotope 
clusters within each SILAC pair. The generation of peak list, 
SILAC- and extracted ion current-based quantitation, 
calculated posterior error probability and false discovery rate 
based on the search engine results, peptide to protein group 
assembly, and data filtration and presentation was carried 
out using MaxQuant. The derived peak list was searched 
with the MASCOT search engine (version 2.1.04; Matrix 
Science, London, UK) against a concatenated database 
combining 80412 proteins from International Protein Index 
human protein database version 3.6 (forward database), and 
the reversed sequences of all proteins (reverse database). 
The complete methodology has been described previously 
[20, 22]. Raw data sets used to generate Supporting Infor- 
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mation Tables 1 and 2 (described below) can be found on the 
PRoteomics IDEntifications (PRIDE) database [23] and were 
uploaded using the PRIDE database convertor tool [24]. 

Cellular proteins were initially assigned by comparing 
with the avian genome database, and identified 835 proteins 
(Supporting Information Table 1). However, this database 
had poor annotation compared with the human genome, 
and many of the proteins were unassigned or uncharacter¬ 
ized. Therefore, the human database was used for protein 
assignment from peptide identification. In addition, candi¬ 
date proteins were then examined to determine whether 
they were previously identified in the human nucleolar 
proteome database, which contains some 4500 proteins with 
an estimated 80% coverage. Only if both of these criteria 
were met was the protein then assigned as being present in 
the avian nucleolar proteome (Supporting Information 
Table 2). These resulted in a final list of 378 cellular proteins 
being identified and of these 260 proteins being identified 
and quantified. One viral protein, the N protein, was iden¬ 
tified in the nucleolus with 59.4% coverage (Fig. 1). This had 
not been previously observed in the nucleolus of IBV- 
infected DF1 cells, possibly because of the difficulties asso¬ 
ciated with the indirect immunofluorescence detection of 
nucleolar proteins [25]. Previous overexpression of an EGFP- 
tagged N protein (in the absence of IBV infection) in DF1 
cells demonstrated the potential cytoplasmic and nucleolar 
localization of this protein [17]. No other IBV proteins were 
detected in the nucleolar fraction, and this analysis 
demonstrated the nucleolar localization of N protein in the 
context of IBV-infected cells. 

Several proteins were selected from the SILAC LC-MS/ 
MS analysis and their abundance and localization investi¬ 
gated in mock and IBV-infected cells using indirect immu¬ 
nofluorescence confocal microscopy (as described in 
[18, 19]) in order to validate the quantitative proteomic 
approach (Supporting Information Fig. 1). Selection of these 
proteins depended primarily on available antibody but also 
to demonstrate the validity of the SILAC LC-MS/MS analy¬ 
sis for several different cases: Proteins identified by multiple 
peptides showing either no significant change (HSP70, 1.38- 
fold increase, identified by 14 peptides) or a significant 

MASGKAAGK TDAPAPVIKLGGPKPPKVGSSGNASWFQAIK 
AKKLNTPPPKFEGSGVPDNENIKPSQQHGYWRRQARFKPG 
KGGRKPVPDAWYFYYTGTGPAADLNWGDTQDGIVWVAAKG 
adtksrsnqgtrdpdkfdqyplrfsdggpdgnfrwdfipl 
NRGRSGRSTAASSAAASRAPSREGSRGRRSDSGDDLIARA 
AKIIQDQQKKGSRITKAKADEMAHRRYCKRTIPPmRVDQ 

vfgpktkgkeghfgddkmneegikdgrvtamlnlvpssha 

CLFGSRVT P K LQLDGLHLRFEFTTWPCDDPQFDNYVKIC 
D0CVDGVGTRPKDDEPKPKSRSSSRPATRGNSPAPRQQRP 
KKEKKLKKQDDEADKALTSDEERNNAQLEFYDEPKVINWG 
DAALGENEL 

Figure 1 . Amino acid sequence of the IBV N protein showing 
peptides (bold and italic face) that were identified in the 
nucleolar fraction prepared from DF1 cells infected with IBV. 
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change (HSP90, 4.30-fold increase, five peptides), to a 
protein identified by a single peptide and large increase 
(Shroom3 ~50-fold increase). In IBV-infected cells, there 
was no apparent change in HSP70, whereas HSP90 
appeared to have increased punctate localization in the 
nucleolus, nucleus and cytoplasm. In IBV-infected cells, the 
nucleolar localization of Shroom3 appeared to increase. 
Therefore, in general, the indirect immunofluorescence 
confocal microscopy analysis reflected the observations of 
the SILAC LC-MS/MS analysis. 

Ingenuity Pathway Analysis was used to investigate the data 
sets to group together any proteins that shared similar func¬ 
tions in order to build an overview of the avian nucleolar 
proteome (Fig. 2) and potential roles of proteins in infectious 
and respiratory disease. Predominant functions in the 
nucleolus included 54 proteins identified as being involved in 
protein synthesis (p-value, 1.55 x 1CT 11 - 1.54 x 10~ 2 ), 37 
proteins involved in RNA post-transcriptional modification 
(p-value, 4.63 x 10 -13 - 1.94 x 1CT 2 ), 38 proteins involved in 
molecular transport (p-value, 5.70 x 10 -7 - 1.94 x 10 -2 ), 25 
proteins involved in nucleic acid metabolism (p-value, 
1.05 x 1(F 6 - 2.75 x 10 2 ) and 20 proteins involved in DNA 
replication, recombination and repair (p-value, 1.11 x 10~ 6 - 
2.75 x 10~ 2 ). Major linked networked functions include those 
in protein synthesis, gene expression, RNA post-transcriptional 
modification, DNA replication, recombination and repair 
(Supporting Information Fig. 2), cellular signaling (Supporting 
Information Fig. 3), where induction of interferon has been 
established experimentally in IBV infection [26] and also the 
network of cell growth and proliferation linked to protein 
synthesis (Fig. 3A). 

For quantitative analysis, the previous investigations 
using SILAC and LC-MS/MS have applied ratio cutoffs 


ranging from nearly 1.3- to 2.0-fold. A previous study that 
investigated changes on nuclear proteins in RSV-infected 
cells using 2-D gel electrophoresis coupled to MALDI-TOF 
used a ratio cut off of 2.0-fold for comparison. The more 
recent investigation of the nucleolar proteome in adeno¬ 
virus-infected cells compared with mock-infected cells using 
SILAC coupled to LC-MS/MS as well 2-D gel electrophoresis 
used a cutoff of twofold to access significant differences. In 
our study, a 2.0-fold cutoff was also used as a basis for 
investigating potential proteome changes using Ingenuity 
Pathway Analysis in order to provide comparison with the 
previous studies. Selection of a twofold difference gave 179 
proteins that showed differences in abundance between 
nucleoli isolated from IBV-infected cells from nucleoli 
isolated from mock-infected cells. Despite this, not all 
nucleolar proteins changed in IBV-infected DF-1 cells. For 
example, the nucleolar proteins nucleolin and NOP56 and 
NOP58 were not significantly increased in IBV-infected cells 
with 1.8-fold, 1.2- and 1.5-fold differences, respectively. 

Analysis of the relationship of identified nucleolar proteins 
by Ingenuity Pathway Analysis suggested perturbations in 
the nucleolar proteome could have potential effects on cell 
metabolism. For example, several proteins were directly 
linked to regulation and/or binding by cyclin A and retino¬ 
blastoma protein (Fig. 3A). Also several molecules which are 
involved in G2/M-phase transition were increased approxi¬ 
mately four to fivefold in abundance in the nucleolar 
proteome in IBV-infected cells including three components 
of the 14-3-3 complex. Although the interaction between the 
IBV and the cell cycle has been characterized in several 
different nonavian cell lines [19, 27, 28], the potential inter¬ 
action between the IBV and the host cell in nonavian cell 
lines has been reported to be different to what occurs in avian 
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Figure 2. Classification of 
cellular proteins in nucleolar 
fractions prepared from DF1 
cells according to their 
assigned fraction and biologi¬ 
cal function. Formal descrip¬ 
tions of the different assigned 
functions are summarized 
in Supporting Information 
Table 3. 
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Figure 3. (A) Ingenuity Pathway Analysis of 
proteins predominately associated with 
protein synthesis, gene expression, DNA 
replication, recombination and repair, cellu¬ 
lar assembly and organization and RNA 
post-transcriptional modification in the 
nucleolar proteome. The shapes are indica¬ 
tive or the molecular class ( i.e. protein 
family). Proteins highlighted in grey shading 
were identified in the LC-MS/MS analysis. 
Proteins highlighted in clear were not iden¬ 
tified in the LC-MS/MS analysis but were 
linked to the identified protein by examina¬ 
tion of the Ingenuity Pathway Analysis 
curated database describing protein:protein 
interactions. Examples such as cyclin A are 
present in the human nucleolar proteome 
[61, whereas retinoblastoma (Rb) is not, but 
may never the less be linked to nucleolar 
pathways as suggested. Lines connecting 
the molecules indicate molecular relation¬ 
ships. There are two line styles: dashed lines 
indicate indirect interactions and solid lines 
indicate direct interactions. The style of the 
arrows indicates specific molecular relation¬ 
ships and the directionality of the interaction 
(X acts on Y). (B) Analysis of the proportion 
of cells in different stages of the cell cycle in 
mock at 0 h (dark grey shade) and 24 h (clear) 
and IBV-infected cells at 24 h (light grey). 
Also shown are examples of raw data output 
for the cell cycle analysis based on staining 
with BrdU/PI or PI only. 


cells [29]. Therefore, to investigate whether the cell cycle was 
altered in IBV-infected avian cells and to validate network 
pathway analysis, dual label flow cytometry was used to 
accurately compare the proportion of cells in different stages 
of the cell cycle between mock and infected cells [19, 30]. The 
experiment was conducted in triplicate, on three occasions 
and the data indicated that in IBV-infected cells there was a 
significantly greater proportion of cells in the G2/M stage 
compared with mock-infected cells (Fig. 3B). 

These data sets (both raw e.g. Supporting Information 
Table 1) and processed (Supporting Information Table 2) 
provide the first solution of the avian nucleolar proteome. 
The use of SI LAC allowed the perturbation of the nucleolar 
proteome in IBV-infected cells to be examined and 
compared with mock-infected cells. The data indicated that, 


in general, there was an increase in nucleolar proteins in 
IBV-infected cells that was validated by indirect immuno¬ 
fluorescence confocal microscopy. This technique was 
independent of purification of proteins from the nucleolus 
and thus provided distinct validation of LC-MS/MS data. 
Functional predictions such as cell cycle aberrations could 
be made in terms of bioinformatic analysis of the nucleolar 
proteome and this was validated using an appropriate assay. 
Overall, the study demonstrates how SILAC coupled to LC- 
MS/MS can be used to study changes in the proteome of a 
cellular compartment (in this case, the nucleolus) in virus- 
infected cells. 

Raw data sets used to generate Supporting Information 
Tables 1 and 2 have been uploaded to the PRIDE database. 


© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 


www.proteomics-journal.com 






3562 


E. Emmott et al. 


Proteomics 2010, 70,3558-3562 


This study was supported hy the award of a Leverhulme Trust 
Research fellowship grant to JAH. EE is funded hy a BBSRC 
doctoral training grant awarded to the Astbury Centre for Struc¬ 
tural Molecular Biology. Dr Paul Ajuh at Dundee Cell Products 
Ltd is thanked for help with interpretation of MS/MS data sets. 

The authors have declared no conflict of interest. 


References 

[1] Emmott, E., Hiscox, J. A., Nucleolar targetting: the hub of 
the matter. EMBO Rep. 2009, 70, 231-238. 

[2] Boisvert, F. M., van Koningsbruggen, S., Navascues, J., 
Lamond, A. I., The multifunctional nucleolus. Nat. Rev. Mol. 
Cell. Biol. 2007, 8, 574-585. 

[3] Amin, M. A., Matsunaga, S., Uchiyama, S., Fukui, K., 
Depletion of nucleophosmin leads to distortion of nucleolar 
and nuclear structures in FleLa cells. Biochem. J. 2008, 4 75, 
345-351. 

[4] Andersen, J. S., Lyon, C. E., Fox, A. FI., Leung, A. K. L. et al., 
Directed proteomic analysis of the human nucleolus. Curr. 
Biol. 2002, 12, 1-11. 

[5] Scherl, A., Coute, Y., Deon, C., Calle, A. et al., Functional 
proteomic analysis of human nucleolus. Mol. Biol. Cell 

2002, 13, 4100-4109. 

[6] Ahmad, Y., Boisvert, F. M., Gregor, P., Cobley, A., Lamond, 
A. I., NOPdb: Nucleolar Proteome Database - 2008 update. 
Nucleic Acids Res. 2009, 37, D181-D184. 

[7] Pendle, A. F., Clark, G. P., Boon, R., Lewandowska, D. et al., 
Proteomic analysis of the Arabidopsis nucleolus suggests 
novel nucleolar functions. Mol. Biol. Cell 2005, 16, 260-269. 

[8] Stark, L. A., Taliansky, M., Old and new faces of the 
nucleolus. Workshop on the Nucleolus and disease. EMBO 
Rep. 2009, 10, 35-40. 

[9] Fliscox, J. A., RNA viruses: hijacking the dynamic nucleolus. 
Nat. Rev. Microbiol. 2007, 5, 119-127. 

[10] Fliscox, J. A., The interaction of animal cytoplasmic RNA 
viruses with the nucleus to facilitate replication. Virus Res. 

2003, 95, 13-22. 

[11] Fliscox, J. A., Brief review: the nucleolus - a gateway to viral 
infection? Arch. Virol. 2002, 147, 1077-1089. 

[12] Dove, B. K., You, J. FI., Reed, M. L., Emmett, S. R. et al., 
Changes in nucleolar morphology and proteins during 
infection with the coronavirus infectious bronchitis virus. 
Cell. Microbiol. 2006, 8, 1147-1157. 

[13] Fliscox, J. A., Whitehouse, A., Matthews, D. A., Nucleolar 
proteomics and viral infection. Proteomics 2010, 70, DOI: 
10.1002/pmic. 201000251. 

[14] Lam, Y. W., Evans, V. C., Fleesom, K. J., Lamond, A. I., 
Matthews, D. A., Proteomics analysis of the nucleolus in 
adenovirus-infected cells. Mol. Cell. Proteomics 2009, 9, 
117-130. 

[15] Cawood, R., Flarrison, S. M., Dove, B. K., Reed, M. L., 
Fliscox, J. A., Cell cycle dependent nucleolar localization of 


the coronavirus nucleocapsid protein. Cell Cycle 2007, 6, 
863-867. 

[16] Reed, M. L., Dove, B. K., Jackson, R. M., Collins, R. et at., 
Delineation and modelling of a nucleolar retention signal in 
the coronavirus nucleocapsid protein. Traffic 2006, 7,833-848. 

[17] Reed, M. L., Flowell, G., Flarrison, S. M., Spencer, K. A., 
Fliscox, J. A., Characterization of the nuclear export signal in 
the coronavirus infectious bronchitis virus nucleocapsid 
protein. J. Virol. 2007, 81, 4298-4304. 

[18] Emmott, E., Dove, B. K., Flowell, G., Chappell, L. A. et al., Viral 
nucleolar localisation signals determine dynamic trafficking 
within the nucleolus. Virology 2008, 380, 191-202. 

[19] Dove, B., Brooks, G., Bicknell, K., Wurm, T., Fliscox, J. A., 
Cell cycle perturbations induced by infection with the 
coronavirus infectious bronchitis virus and their effect on 
virus replication. J. Virol. 2006, 80, 4147-4156. 

[20] Emmott, E., Rodgers, M., Macdonald, M., McCrary, S. et al., 
Quantitative proteomics using stable isotope labeling with 
amino acids in cell culture (SILAC) reveals changes in the 
cytoplasmic, nuclear and nucleolar proteomes in Vero cells 
infected with the coronavirus infectious bronchitis virus. Mol. 
Cell. Proteomics 2010, DOI: 10.1074/mcp.M900345-MCP200. 

[21] Cox, J., Mann, M., MaxQuant enables high peptide identi¬ 
fication rates, individualized p.p.b.-range mass accuracies 
and proteome-wide protein quantification. Nat. Biotechnol. 
2008, 26, 1367-1372. 

[22] Munday, D., Emmott, E., Surtees, R., Lardeau, C.-FI. et al., 
Quantitative proteomic analysis of A549 cells infected with 
human respiratory syncytial virus. Mol Cell. Proteomics 2010, 
DOI: 10.1074/mcp.M110.001859. 

[23] Barsnes, FI., Vizcaino, J. A., Eidhammer, I., Martens, L., 
PRIDE Converter: making proteomics data-sharing easy. 
Nat. Biotechnol. 2009, 27, 598-599. 

[24] Vizcaino, J. A., Cote, R., Reisinger, F., Foster, J. M. et al., 
A guide to the Proteomics Identifications Database proteo¬ 
mics data repository. Proteomics 2009, 9, 4276-4283. 

[25] Sheval, E. V., Polzikov, M. A., Olson, M. O., Zatsepina, O. V., 
A higher concentration of an antigen within the nucleolus 
may prevent its proper recognition by specific antibodies. 
Eur. J. Histochem. 2005, 49, 117-124. 

[26] Pei, J., Sekellick, M. J., Marcus, P. I., Choi, I. S., Collisson, 
E. W., Chicken interferon type I inhibits infectious bronchitis 
virus replication and associated respiratory illness. 
J. Interferon Cytokine Res. 2001, 21, 1071-1077. 

[27] Li, F. Q., Tam, J. P., Liu, D. X., Cell cycle arrest and apoptosis 
induced by the coronavirus infectious bronchitis virus in the 
absence of p53. Virology 2007, 365, 435-445. 

[28] Chen, FI. Y., Guo, A. Z., Peng, B., Zhang, M. F. et al., Infec¬ 
tion of FleLa cells by avian infectious bronchitis virus is 
dependent on cell status. Avian Pathol. 2007, 36, 269-274. 

[29] Pendleton, A. R., Machamer, C. E., Differential localization 
and turnover of infectious bronchitis virus 3b protein in 
mammalian versus avian cells. Virology 2006, 345, 337-345. 

[30] Emmett, S. R., Dove, B., Mahoney, L., Wurm, T., Fliscox, 
J. A., The cell cycle and virus infection. Methods Mol. Biol. 
2005, 296, 197-218. 


© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 


www.proteomics-journal.com 



